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The publication of the Bruntland Commission report: Our Common Future (World 
Commission on Environment and Development, 1987), brought the concept of sustainability 
into international focus. Our Common Future defined sustainable development as 
"development that meets the needs of the present without compromising the ability of future 
generations to meet their own needs." Attention to the issue of sustainability has continued 
to increase since that publication. The idea of agricultural sustainability has much earlier 
roots in the organic and biodynamic movements, as well as in numerous writings such as 
those by King (1911), Howard (1940), Balfour (1943), Faulkner (1943), and Carson (1962). 
Along with the energy crisis in the 1970s and the farm crisis of the 1980s, interest in 
sustainable agriculture became more intense as the environmental costs of agricultural 
industrialization became more evident (Harwood, 1990; Schaller, 1993). With increased 
attention came numerous attempts to define what a sustainable agriculture would entail 
(Francis, 1988; Lockeretz, 1988; Harwood, 1990; Allen et al., 1991 ; Hill, 1992; Ikerd, 1993; 
Lehman et al., 1993; Spedding, 1996). These, along, with many other attempts, have yet to 
yield a widely accepted definition of sustainable agriculture. 
Defining Sustainability 
The difficulty in finding such a definition is due to several factors . One obstacle is 
the multidisciplinary aspect of the problem. The majority ofresearchers investigating the 
idea of sustainability have been trained by a system that emphasizes reductionist research and 
specialization within a discipline. This may lead to definitions that are heavily influenced by 
the conceptual models of the definer's discipline (Park and Seaton, 1996) and the exclusion 
of other relevant disciplines. Structural differences in quantitative and qualitative information 
from several disciplines can limit a researcher's ability to be all-inclusive (Rigby and 
Caceres, 2001). 
2 
The time element inherent in the word sustainability is also problematic. The length 
of time over which an agricultural system must persist before it can be considered sustainable 
has yet to be determined (Zinck and Farshad, 1995). Although not always stated as 
implicitly as in the Bruntland commission's definition of sustainable development, most 
definitions imply that current behavior should be tempered by a concern for the ability of 
future generations to benefit from similar resources as those currently utilized. Inability to 
foresee changes in human needs and values prevents a static prescription for sustainability 
(Spedding, 1996) and makes it difficult to make trade-off decisions now. 
Spatial scale and diversity are additional obstacles. As with the issue of timescale, the 
proper scale for measurement of sustainability has not been resolved. Requirements for 
sustainability will differ from a local to a global scale. Variability in natural resource 
composition among biomes demands that methods to pursue sustainability vary according to 
local needs (Zinck and Farshad, 1995; Rigby and Caceres, 2001 ). 
A final obstacle is the subjective nature of human values. As sustainability is 
determined in part by the values and needs of those involved in the system, it is impossible to 
create an overarching definition that would satisfy the wide range of human values. 
While some attempts to define sustainability have been criticized for being too 
narrowly focused on short-term profit and farm-level productivity (Allen et al., 1991), most 
definitions seek to address a wider range of issues. An often-used visualization is of 
sustainability as a three-legged stool; each leg corresponding in tum to the social, economic 
and ecological components necessary for sustainability. This analogy implies that these three 
areas are of equal importance and that an equal balance of the three is needed. While it is 
essential to consider these three areas when working towards sustainability, to give all three 
equal weight clouds the fact that human social and economic systems are subsystems of the 
ecosphere and the condition of the ecosphere ultimately determines the structure of these 
human systems (Crews et al., 1991). 
In addition to the myriad proposed definitions of sustainability, several authors have 
identified differing approaches to sustainability. Hill (1992) labels two approaches that 
describe what actions are needed to achieve sustainability as (1) shallow- and (2) deep-
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sustainability. Without giving these approaches specific titles, Schaller ( 1993) describes 
advocates of shallow sustainability as those who believe "that conventional agriculture needs 
only to be fine-tuned." This fine-tuning includes increased efficiency of current practices with 
minor resource substitution in order to reduce negative environmental impact without giving 
up any of the productivity or profit of current production practices (Hill, 1992; Schaller, 
1993). Deep sustainability recognizes human dependence on the ecosphere and argues that 
sustainability cannot be achieved without radical change, not only in production practices, but 
also in societal values, consumption patterns, and obsession with short-term profitability 
(Hill, 1992; Schaller, 1993). Related to the deep and shallow sustainability is "strong" and 
"weak" sustainability (Pearce et al.; 1990, Wackernagel and Rees, 1996). Strong 
sustainability is defined by a constant or increasing stock of natural resources for future 
generations to utilize. Weak sustainability allows some depletion of natural resources as long 
as over-all capital (natural and built) remains constant. Daly (1992) has noted that weak 
sustainability relies on the mistaken notion that built capital is a perfect substitute for natural 
capital. Proponents of shallow or weak sustainability have faith in the ability of technology to 
repair any damage caused by our current and future practices (Schaller, 1993). This faith in 
technological development implies that our social and economic systems can function 
independently from the ecosphere. 
Despite the inability to arrive at a comprehensive definition of sustainability, few are 
prepared to abandon the concept. The lack of such a definition has allowed everyone from 
international agencies, governments, corporations and universities to adopt the term to 
describe a wide range of goals and policies. This is to be expected, as no one would want to 
be seen as an opponent of sustainability (Rigby and Caceres, 2001 ). Yet the growing interest 
and attention on the subject have resulted in little success translating theoretical ideas into 
tangible shifts in practice and production. 
4 
Obstacles of Progress Towards Sustainability 
The debate over what is and what is not sustainable is never-ending, and has certainly 
played a role in preventing significant change. A more substantial cause for limited progress 
is the lack of understanding amongst the general public of our currently unsustainable 
economic and social systems. A survey conducted by Moore (2000) examining the barriers to 
implementation of sustainable policy in Vancouver, B.C. cited "lack of understanding about 
the issues" involved as the most common out of the 48 barriers identified by the survey 
participants. Described as "incomprehension of the relationship between cause and effect in 
terms of individual decisions and their cumulative impact on the ecosphere," this lack of 
understanding causes an incomplete feedback loop, meaning no stimulus for change of 
current behavior exists (Moore, 2000). 
Complexity of human systems rivals that of ecological systems; hence numerous 
reasons for the growing disconnection between humans and the ecosphere exist. One factor 
is natural focus on short-term problems, which precludes focusing on the gradual changes 
and long-term trends associated with environmental problems (Ehrlich and Ehrlich, 1993). 
We are often too busy taking care of day-to-day challenges on a local level to think of global 
issues such as over-population and natural resource depletion. This inability to grasp the 
larger picture is magnified by increased urbanization. Urbanization creates a spatial 
disconnection with the ecosphere, which lessens our knowledge of our dependence on 
ecosystem services (Woorster, 1988). For urban dwellers food comes from the grocery store 
and wastes are flushed or trucked away to unknown locations. 
Perhaps the most significant source of disconnection is the structure of what Boulding 
(1966) has termed "our cowboy economy." In the cowboy economy constant growth and 
increasing consumption is a goal to be achieved at any cost. Hardin (1981) makes a valuable 
comparison between the current "squanderarchy'' and an alternative conserver society 
(Boulding's spaceship economy). The squanderarchy is characterized by widespread use of 
consumer credit, rapid rates of innovation, and pervasive advertising in order to fuel 
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conspicuous consumption. The conserver society is one that recognizes the limits of 
economic and population growth and follows a precautionary principle (Tickner and Myers, 
2000) when dealing with technical innovation. The squanderarchy creates the treadmills of 
production and consumption (Bell, 1998) that further distract humans from focusing on 
problems that do not directly impact their position on the treadmill. Along with unlimited 
growth, the squanderarchy is based on competition of human beings not only with one 
another but also with the natural world. The goal is to dominate and change nature in order 
to maximize production. 
Giddens ( 1991) uses the term disembededness to describe the taking of social 
relationships out of their local context and their restructuring "across infinite spans of time-
space." Technological progress has allowed us to become less dependent on, and less 
sensitive to, local social relationships. Hansson and Wackemagel (1999) apply this concept 
of disembededness to the effects the capitalist market system has on our relationship with the 
environment. Increased urbanization and global trade have lessened our dependence and 
awareness of local environmental services and limits. Meaningful progress toward 
sustainable development and agriculture must be prefaced by an increased awareness of the 
need for change. This increased awareness will only develop through an increased 
embededness of social and economic systems within the ecosphere. 
Perception of the need for change on the individual level is key to sustainability for 
several reasons. In the capitalist system that dominates global economic and social structure, 
consumer demand drives the market (we will ignore here the power of advertising to create 
demand). In such a system it is unrealistic to expect industry to make changes in production 
(which could be costly in terms of technological and marketing adjustments) that would lead 
to sustainability without consumer demand for such change. Additionally, achieving "hard 
sustainability" will require a reduction ofresource throughput (Daly, 1993). This reduction 
cannot occur without a reduction in individual consumption. A summary of energy use for 
food production in the United States (Hendrickson, 1997) provides an example of how 
individual lifestyle choices can influence sustainability. In this summary, it is estimated that 
28 percent of total food system energy is used for processing and packaging; another 25 
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percent is used for home preparation, including store to home transport. These percentages 
do not include the 16 percent used by restaurant establishments. A shift toward more home 
cooked meals using raw or less processed food items, transported to the home by way of 
human power (walking, bicycling), and cooked in solar ovens could reduce the energy 
required for food production more than energy saving measures in the actual raising of food 
crops. Certainly this example is not intended to be a realistic solution to the inefficiencies of 
the current food system. It would be easy to show situations where human power cannot be 
used due to distance from home to store. Likewise few people have the time to deal with the 
slow cooking solar ovens. This example does hint at how extensively we will have to change 
our perceptions of time, space, community design, and the concepts of "work" and "leisure" 
in order to achieve sustainability and maintain a high quality of life. 
Agricultural Systems Analysis 
Agricultural systems are commonly evaluated through conventional economic and 
productivity analyses that focus on income or biomass production per acre. While these 
methods of analysis address important aspects of agricultural production, they fail to fully 
reflect the energy intensity and resource requirements of current row crop production 
practices. Externalization of these energy and resource requirements devalues ecosystem 
services and results in inaccurate and inflated productivity measurements. Alternative 
methods of analysis that endeavor to provide a more holistic analysis of agricultural systems 
have been developed. 
Life Cycle Analysis (LCA) is an accounting method that quantifies the energy and 
materials used as well as the wastes generated during the production, use and disposal of a 
product. Audsley et al. ( 1997) strove to standardize agricultural LCA procedures using three 
different European wheat production systems. The result is a detailed assessment that 
includes not only the level of energy needed to supply the agricultural inputs, but also 
emissions and potential toxicity of the three wheat production systems. Life cycle analysis is 
extremely data intensive and the non-aggregated results are often as complex as the 
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supporting data. Heller and Keoleian (2000) depart from standard LCA methodology by 
including economic and social issues along with environmental impacts of the United States 
food system within an LCA framework. Since the authors were more interested in advancing 
"life cycle thinking" rather than presenting a quantitative analysis (Heller and Keoleian, 
2000), they were able to present a less complex and more reader-friendly analysis than most 
LCA studies. Common to LCA studies, neither publication contrasts the resource intensity of 
the systems to the ability of the environment to provide the necessary resources. The impacts 
of population or consumption intensity, while acknowledged as crucial factors (Heller and 
Keoleian, 2000), are also not addressed. 
Olson (1998) created a framework for analyzing alternative farming methods. In 
addition to conventional economic comparisons among the five hypothetical farming 
systems, the author presents energy and nutrient budgets as well as erosion estimates. Fifteen 
indices, such as energy output/input and imported fertilizer, are also used to give the relative 
sustainability of the five farming systems. This framework could easily be adapted to other 
agricultural settings. While less complex and therefore more user- friendly than LCA, 
Olson's analysis also neglects to implicitly tie resource use to environmental appropriation. 
These methods are excellent tools for detailed analysis and evaluation of agricultural 
systems. However, as the disembededness of global culture increases, it becomes necessary 
to devise educational tools that can clearly measure and communicate human dependence on 
biophysical resources in a simple manner that can be understood by a wide audience. Only 
when a majority of humans become cognizant of and are able to grasp the importance of this 
dependence will the changes in behavior necessary for increased sustainability become 
reality. The straightforward and intuitive nature of ecological footprint accounting provides 
an excellent educational tool that can be used to convey this important message. 
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Ecological Footprint Accounting 
Development of the Ecological Footprint 
Developed in the early 1990s by William Rees, professor in community and regional 
planning at the University of British Columbia and his then Ph.D. student, Mathis 
Wackemagel; the ecological footprint is a measure of the amount of biologically productive 
land appropriated by a population or economy in order to sustain itself at current 
consumption and technology levels (Wackemagel and Rees, 1996). This accounting method 
is based on two assumptions: 
1. It is possible to determine and quantify most of the resources used and wastes 
generated by a given system. 
2. Most of these resource and waste flows can be converted to a corresponding 
biologically productive area required to produce and assimilate these flows 
(Wackemagel and Rees, 1996). 
The area of the land needed to support the system of interest is the "footprint" of the system 
regardless of the location of the appropriated land. To allow the comparison of footprints on 
a worldwide basis, the ecological footprint is expressed in terms of "global average 
bioproductivity" (Barker, 2002), or "hectares of bioproductive space with world-average 
productivity" (Wackemagel and Yount, 2000). Using land area as an indicator of human 
appropriation of resources emphasizes our dependence on photosynthesis and other 
ecosystem services to provide the capital that drives the human economy. The use of land 
area also provides clear indicator that is easily understood by a wide audience. 
The ecological footprint builds on earlier endeavors to quantify human resource use. 
"Ghost acreage" is an area measurement introduced by Georg Borgstrom in the Hungry 
Planet (1972) as the "non-visible acreage which a country would require as a supplement to 
its present visible agricultural acreage in the form of tilled land in order to feed itself." 
Asserting that conventional economic and nutritional analysis narrowly focused on domestic 
agriculture, ghost acreage was Borgstrom's attempt to give a more accurate account of the 
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food resources required by a nation. A country's ghost acreage is composed of fish and trade 
acreages. Fish acreage is the amount of tilled land that would need to be put into production 
in order to produce the level of protein provided by a nation's fish consumption. Milk was 
the form of protein used as it is often the most efficient to produce in terms of acreage use 
(Borgstrom, 1972). Trade acreage is the amount of tilled land required to produce a nation's 
net agricultural imports, including non-food agricultural products. Both fish and trade ghost 
acreage estimates were calculated using the current agricultural techniques of the country in 
question (Borgstrom, 1972). As Borgstrom was primarily focused on population and food 
resources, the ghost acreage of a country only calculated the physical land area needed to 
stage agricultural production. Resource use and waste assimilation used for agricultural 
production and other industries were not included in a country's ghost acreage. 
Human appropriation of net primary production (NPP) estimates human impact on the 
biosphere. "NPP is the amount of energy left after subtracting the respiration of primary 
producers (mostly plants) from the total amount of energy (mostly solar) that is fixed 
biologically" (Vitousek et al., 1986). NPP provides the main energetic and food source for 
the earth's food chains; its availability and use is an important factor for the development and 
maintenance of biological populations (Vitousek et al., 1986; Haberl, 1997). When 
calculating the human appropriation of NPP on a global scale, Vitousek et al. (1986) included 
direct use for food (human and livestock), fiber and fuel production. Indirect appropriation 
included NPP loss through conversion of natural systems to crop and pasture land, as well as 
productivity loss due to desertification, and land conversion for human habitat. Although 
broader in scope than ghost acreages, NPP appropriation also does not address non-biological 
resource use such as fossil fuel and minerals. The effects of waste streams produced by 
human activity are roughly estimated as lost NPP. 
"Emergy," developed by Odum (1996) is an accounting method that measures the 
amount of energy used directly and indirectly to create a service or product. Because 
different types of energy have different abilities to do work, Emergy is expressed in common 
units of solar energy, or the solar emjoule (sej) (Odum, 1996). Transformities, solar emergy 
per unit available energy, expressed in units of solar em joule per joule (sej/J) determine the 
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amount of solar energy contained in a product or service (Odum, 1996). Transformities are 
calculated from energy data relevant to the total energy inputs of a product or service (Odum, 
1994). Odum (1983) has also developed a symbolic energy systems language that allows 
visualization of the sometimes complex energy flows of a given system. According to Brown 
et al. (1995), Emergy is able to avoid the limitations of previous environmental impact 
assessments, limitations such as: 
• Using differing units to prevent comparative analysis. 
• Use of heat value ofresources as method of comparison. 
• Treating unmonied resources and services as externalities. 
• Value of resources and services determined by market price. 
Emergy analysis can be performed for any system and scale where the relevant transformities 
can be calculated. Despite its flexibility, emergy's complexity and use of the abstract concept 
of energy, prevent widespread use of emergy analysis as an educational tool. 
The ecological footprint is closely related to the concept of carrying capacity. 
Carrying capacity is the 'maximum persistently feasible load" a population may exert on its 
environment (Catton, 1980). While carrying capacity has long been applied to game 
management (Catton, 1980), its pertinence to human populations is not always 
acknowledged. Our ability to conduct trade, belief in near-perfect resource substitutability, 
and faith in technological progress are common arguments against application of carrying 
capacity to human populations (Rees, 1996). While trade and technological progress are 
valid arguments for humans' ability to expand their carrying capacity without an expansion of 
the resource base, they do not negate human dependence on the earth's finite resources. The 
impact of trade and technology on human carrying capacity is represented in the I=PAT 
equation (Ehrlich and Holdren, 1971; Holdren and Ehrlich, 1974) with I representing man's 
environmental impact, P=population, A=affluence or consumption patterns, and T being an 
index representing the environmental impact of the technology used to support consumption 
(Ehrlich, 1994). 
The ecological footprint can be viewed as the inverse of carrying capacity (Rees, 
1996); estimating the area needed to support a defined population instead of the population 
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supported by a given area. Measuring in terms of land per capita instead of population per 
area of land allows the ecological footprint to reflect variable technological and consumption 
levels that influence the intensity of resource use. 
The ecological footprint is not, however, without its own disadvantages. The 
footprint is a static measure that cannot account for future technological developments that 
may reduce ecosystem appropriation. The generation of a series of footprints through time 
can compensate for this "snapshot" characteristic, and incorporate new technology as it is 
applied to the system of interest. As a method of accounting, the footprint does not suggest 
policy or operational changes necessary to increase sustainability (Moffatt, 2000), but 
footprints representing a range of policy and operational outcomes could be compared to 
determine which actions would have the greatest impact on reducing the footprint. Due to its 
focus on ecosystem appropriation, the ecological footprint does not address social issues of 
sustainability (Rees, 2000). Indicators or methods of analysis that focus on social or 
economic issues would have to be used in conjunction with the ecological footprint in order 
to fully analyze the sustainability of a system. Ecosystems are extremely complex, dynamic 
systems; our limited understanding of many ecosystem processes makes it difficult to 
translate all ecosystem aspects into land area measurements. This inability to fully account 
for human appropriation along with a policy of using conservative land area conversion 
values make the ecological footprint an intentional underestimate of human impact. 
Since its introduction, a variety of studies on different scales have utilized the 
ecological footprint. Wackemagel et al. (2002) provide a global ecological footprint that 
estimates that in 1999, the global population consumed 120% of the earth's bioproductivity. 
Numerous studies have been performed at the national level (Bicknell et al., 1998; 
Wackemagel et al., 1999b; van Vuuren and Smeets, 2000; Haberl et al., 2001). Calculation 
of ecological footprints for most of the nations of the world (Wackemagel, et al., 1999b) 
provides a valuable tool for comparing the resource use of a wide spectrum of lifestyles. This 
comparison is especially important when considering development policies and projects that 
focus on an increase in economic throughput. Wackemagel and Rees ( 1996) determined that 
consumption by the world's population at the level of present United States consumption 
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would require at least two additional planets. Regional and municipal studies include the 
ecological footprint of cities in Baltic Europe (Folke et al., 1997), the city of Santiago de 
Chile (Wackemagel, 1998) and Malmohus County, Sweden (Wackemagel et al., 1999a). 
Several online calculators have been developed to allow an estimation of household 
ecological footprints (Redefining Progress, 2002; Venetoulis, 2002; Dholakia and 
Wackemagel, 1999). 
While these studies all focus on consumption by human populations, several studies 
also focus on "production footprints." Production footprints attribute resource use to 
producers of given products and services within the human economy rather than to the end 
consumers of these products and services (Wackemagel and Yount, 2000). Approaching 
footprint analysis from a production standpoint may provide a more detailed estimate of 
individual production systems than may be possible using consumption data. This method 
also allows comparison of differing production methods within an industry, enabling 
producers to work toward reducing the footprint of a particular method. Wada ( 1993) 
compared the ecological footprints of hydroponic greenhouse and conventional field tomato 
production in British Columbia. Kautsky et al. (1997) and Folke et al. (1998) provide 
ecological footprints for differing levels of production intensity of shrimp, tilapia and other 
seafood. 
Purpose of Study 
This study will present an ecological footprint framework for row crop production 
systems. The framework is applied to com and soybean production on a state level for the 
state oflowa. The presentation of this framework seeks to encourage the use of ecological 
footprints for agricultural and food systems analysis in order to increase public awareness of 
the environmental impacts of different farming systems. The ecological footprint can also be 
used to more accurately reflect the ecological intensity of agricultural systems than traditional 
measures of productivity. Wackemagel and Yount (2000) present several potential footprint 
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applications. This study addresses two of these potential applications by developing a 
manual for new assessments at the regional and local level as well as developing footprint 
methods to compare options and choices. Although this framework is designed for intensive 
row crop production, it will be adaptable to other agricultural systems ranging in scale from 
individual farms to agricultural regions. 
Calculation Methods of the Ecological Footprint 
Compound Method 
Ecological footprint accounting was initially conducted on a national basis. This 
allowed the comparison of national footprints, but more importantly, trade data needed to 
determine material flows is often collected at the national level. Whenever possible, 
governmental data is utilized in ecological footprint accounting (Wackemagel and Yount, 
2000). The first step in creating a national ecological footprint is determining per capita 
consumption. National trade data allows the subtraction of exports and addition of imports to 
national production in order to more accurately estimate the actual consumption of a given 
nation's population. Consumption analysis is currently conducted for over 50 biotic 
resources (Chambers et al., 2000). Appropriated land area (aa) for each consumption item 
(i) is estimated with the following formula: 
Average annual consumption (c) is divided by the average annual productivity (p) of the land 
type (i.e. cropland, forest, sea) necessary to provide resources or assimilate wastes 
(Wackemagel and Rees, 1996). Productivity values are world average productivities from 
FAO data (Chambers et al, 2000). Following primary data sources, the ecological footprint 
classifies appropriated land areas into six categories: 
• arable land 
• pasture land 
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• forest land 
• sea space 
• built or degraded land, defined as land built up for human 
habitat including roads as well as land that has lost its productivity due to 
salination, erosion, or over grazing. 
• energy land 
The calculation method described above does not include the energy necessary to 
extract, transport and process the raw materials, nor the packaging and transport of the 
resulting consumer products. An energy analysis estimates the embodied energy of these 
products. Wackemagel and Rees ( 1996) propose three methods to translate fossil fuel use 
into appropriated land area. The first method is based on the production of an alternative 
biologically based liquid fuel such as ethanol. This method would provide a conversion of 80 
gigajoules per hectare. The second method is based on setting aside productive forestland 
that could sequester the CO2 produced during the fossil fuel consumption. This would 
stabilize the amount of CO2 in the atmosphere and help reduce global warming. A 
conversion of 100 gigajoules per hectare, based on worldwide forest growth rates, is used for 
this method. The third method proposes to set aside enough productive land to create as 
much natural capital as is being lost through the use of fossil fuels. This method meets the 
hard sustainability criteria of constant stocks of natural capital. Average forestland, which 
can accumulate 80 gigajoules of biomass energy per hectare per year, is used as the energy 
land for this method. These three methods are simplistic conversions developed to provide 
reasonable estimates of the cost of fossil energy use in terms of land appropriation. None are 
intended as proposed solutions for the problems of intense use of non-renewable forms of 
energy, and it is improbable that their implementation would solve such problems. Most 
ecological footprints use the second method, CO2 sequestration, to calculate energy land. As 
this method has the highest energy production per hectare of land, it is in accordance with the 
ecological footprint's tenet to actively underestimate the amount of land appropriated by the 
system of interest. This method may also be more acceptable to the general public as it does 
not imply a shift away from liquid fossil fuel use (Wackemagel and Rees, 1996). 
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The ecological footprint is expressed in terms of global average bioproductivity in 
order to reflect the ecological impact of global trade, where consumption often occurs far 
from the area of production. Global average bioproductivity also allows for national 
consumption comparisons. In order to express the ecological footprint in terms of global 
average bioproductivity (G), the land (aa) in each land category (i) must be multiplied by an 
equivalence factor ( e) that accounts for the productive ability of each land type. 
For example, arable land is 2.83 times more productive than the global average bioproductive 
land, so the equivalence factor for arable land is 2.83 . Chambers et al., (2000) provide 
current equivalence factors (Table 1 ). 
Table 1. Land equivalence factors used to express land area in global average bioproductivity. 
Land Category Equivalence Factor 
Arable land 2.83 
Pasture land 0.44 
Forest land 1.17 
Sea space 0.06 
Built or degraded land 2.83 
Energy land 1.17 
Built or degraded land is given the same equivalence factor as arable land since human 
populations have historically established themselves in areas of highly fertile soils (Chambers 
et al., 2000). Energy land is calculated as forest area that is required to sequester emitted CO2 
and therefore has the same equivalence factor as forestland. 
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The per capita footprint (ef) can be obtained by summing the appropriated land (aai) 
for each item of consumption (n)(Wakemagel and Rees, 1996): 
ef= I: aai 
i=I ton 
The ecological footprint of the nation: 
efp=N(ef) 
is the per capita footprint ( ef) multiplied by the population of the nation (N). 
This ecological footprint is an estimate of the amount of biologically productive land 
that is needed by the population to support their current consumption patterns and can be 
compared to the amount of biologically productive area of the nation under study. 
Adjustments must be made in order to communicate a nation's biocapacity in terms of global 
average bioproductivity (Barker, 2002). First the bioproductive hectares (B) of each land 
category (i) must be multiplied by a national yield factor (y). This yield factor is the 
difference between the national productivity (np) and the world average productivity (wp) of 
each land category (np/wp=y). The result of the yield factor is then multiplied by the same 
equivalence factors used above to arrive at global average bioproductivity. 
A final step in the calculation of a nation's biocapacity involves the addition of a 
seventh land category, biodiversity land. Up to this point the ecological footprint has been 
strictly anthropocentric. Subtracting biodiversity land from a nation's available 
bioproductive area recognizes the need to preserve habitat for the millions of other species 
who share the planet. It is difficult however, to determine how much land these other species 
need to survive. A review by Chambers et al. (2000) suggests a range of 12 to 75 percent 
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depending on the species and ecosystem, compared to the 3.5 percent of global land that 
currently is protected. The Bruntland Commission's Our Common Future (World 
Commission on Environment and Development, 1987) suggests 12 percent, which is 
currently used in ecological footprint accounting (Wackemagel et al., 2002). 
Component-based method 
Chambers et al. (2000) and Simmons et al. (2000) suggest a corresponding method of 
ecological footprint accounting called "component-based" footprinting. Rather than begin 
the analysis with material flows and consumption data, the component-based method begins 
with the calculation of appropriated area of different activities or products using data relevant 
to the region under study (Chambers et al., 2000; Simmons et al., 2000). These footprint 
values can then be multiplied by their intensity of use by the population of interest. Due to 
the more regional scale, this method often utilizes a wide range of scientific data, relying less 
on governmental data than national footprints. This method can become more data intensive 
and a sensitivity analysis of relevant data sources is often necessary due to the variability of 
data values (Chambers et al., 2000; Simmons et al., 2000). When a range ofrelevant data 
values are available, the ecological footprint intentionally uses the lowest logical value in 
order not to exaggerate human impact on the environment. Despite this increased data 
intensity, benefits of the component-based method include the ability to apply the component 
data at differing scales, as well as increased accuracy at subnational scales. This method may 
also be more educational since it allows users to more readily manipulate components to 
observe how behavioral and procedural changes impact footprint size (Chambers et al., 2000; 
Simmons et al., 2000). 
Agricultural Footprint Framework 
Using the component-based method of accounting, it is possible to create a 
consumption-land use matrix (Wackemagel and Rees, 1996) that can be applied to a wide 
variety of agricultural production systems. Four land categories are included in this matrix: 
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arable land, built land, energy land, and ecological service land. The conversion factors used 
in this study have been selected as the most appropriate for Iowa row crop production. 
Differences due to climate, soil type, crops produced and level of technology utilized in other 
farming systems may dictate the use of alternate conversion factors for other studies. 
Land Categories Defined 
Arable land 
This category is composed of the actual cropland that is used to produce the crop in 
the system of interest. In the United States, the acreage of many crops is reported on a state 
and county level by the National Agricultural Statistics Service (NASS), the agency of the 
United States Department of Agriculture (USDA) responsible for conducting the Census of 
Agriculture every five years. State agricultural extension offices and producer groups may be 
able to provide state level acreage estimates for minor crops not covered in the NASS 
database. 
Built land 
For agricultural systems, the built land category refers to areas that contribute to the 
crop production but are not directly occupied by the crop. State level estimates of built land 
are available from land use tables in the census of agriculture under a category that includes 
"land in house lots, ponds, roads, wasteland, etc." (USDA-NASS, 1999). This category also 
includes barn lots and home gardens (USDA-NASS, 2002). It should be noted that roads 
mentioned are on-farm roads and not public roads. 
Energy land 
The three methods used in ecological footprint accounting to translate energy use into 
land appropriation have previously been discussed. Energy land of agricultural systems 
represents the energy in liquid fuel used by farm machinery to perform field operations as 
well as the embodied energy of agricultural inputs such as machinery, fertilizers, and 
pesticides used for production. Embodied energy is similar to the concept of Emergy, in that 
it is an estimation of the amount of direct and indirect energy required to produce an item 
(Fluck and Baird, 1980). The embodied energy is reported as Megajoules (MJ) per unit of 
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production. As a result of the oil crisis of 1973, numerous studies evaluating energy use were 
published in the late 1970s and early 1980s. Funding for such studies diminished as oil 
supplies became less of a concern in the 1980s and 1990s (M. Bender, personal 
communication, 2001 ). Where possible, a range of embodied energy values is presented as a 
reference for future studies. However, these values do not represent increases in efficiency 
that may have been developed since the 1980s. 
Field Operations. Several Extension agencies have created estimates of fuel use for 
field operations in their state (Bashford and Shelton, 1981; Parsons, 1980; Downs and 
Hansen, 1996; Frisby, 1999; Hanna, 2001 ). Estimates are given as gallons per acre. When 
estimates are only given for diesel fuel (Bashford and Shelton, 1981 ; Frisby, 1999; Hanna, 
2001), a conversion factor of 1.5 (Hanna, 2001) can be used to estimate gasoline usage. In 
order to convert gallons of diesel to MJ, the lowest estimation, 39 MJ/1 (147.6 MJ/gal) (Stout, 
1990) is used. Other estimates are listed in Table 2. 
Table 2. Embodied energy of liquid fuels. 
Fuel Type Embodied Energy Source 
Diesel 39.3 MJ/1 (148.8 MJ/gal) Audsley et al. ( 1997) 
Diesel 47.8 MJ/1 (181 MJ/gal) Cervinka (1980) 
Diesel 47 .3 MJ/1 (179 MJ/gal) Fluck and Baird (1980) 
Gasoline 34.6 MJ/1 (131 MJ/gal) Stout (1990) 
Gasoline 42.3 MJ/1 (160.2 MJ/gal) Cervinka (1980) 
Machinery. The embodied energy of machinery can be organized into three 
categories, the energy contained in the materials used to manufacture the machinery, the 
energy involved in the manufacturing process, and the energy needed to manufacture and 
install repair parts over the life of the machinery (Doering, 1980). Transport from factory to 
farm is also included in some embodied energy estimates (Audsley et al., 1997; Bowers, 
1992). Embodied energy of machinery is most often expressed in megajoules per kilogram 
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(MJ/kg). Energy values in each category are multiplied by the weight of the machinery and 
summed to give total embodied energy. When calculating the ecological footprint of a 
farming system for one year, it is necessary to distribute the cost or land area appropriation of 
the total embodied energy of the machinery over its useful life. While the useful life will 
vary depending on the management decisions of the individual farmer, this study will 
consider the useful life of all motorized equipment to be 10 years. The two methods for 
calculating embodied energy of machinery presented by Doering ( 1980) and Bowers (1992) 
are most often cited by later energy studies, Doering's work being more common, most likely 
due to the timing of publication. Table 3 provides a comparison of these methods for 
determining the embodied energy of a tractor. Repairs were calculated as a percentage of the 
sum of steel and manufacturing energies. 
Table 3. Estimated embodied energy components for tractor production. 
Doering (1980) 
Steel 62.8 MJ/kg 
Bowers (1992) 
22-60 MJ/kg (Boustead and Hancock, 
1979) 
Manufacturing 14.6 MJ/kg (1976 data) 27.6 MJ/kg (1974 data) 
Repairs 
Transport 
Steel+Manufacturing * .296 Steel+Manufacturing* .49 
8.8 MJ/kg 
Both authors provided a range of different manufacturing energies and repair 
coefficients for tractors, combines, and other agricultural equipment. This study will utilize 
the calculation system presented by Audsley et al. (1997). This method is similar to the two 
presented above as it has different categories for tractors, combines, and other equipment, but 
it uses more current conversion factors for steel, repairs, and transport, retaining Doering's 
manufacturing conversion factors. The embodied energy used for steel is 33 MJ/kg 
(Weidema and Mortenson, 1995; cited in Audsley et al., 1997). Manufacturing energy, repair 
and transportation values are listed in Tables 4, 5, and 6. The Census of Agriculture (USDA-
NASS, 1999) lists the number of motortrucks (including pickups), tractors, combines, cotton 
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pickers, mower conditioners, and pickup balers in Table 13, Selected machinery and 
equipment on place. 
Table 4. Equipment manufacturing energy values. 
Machine Category Manufacturing Energy (Doering, 1980) 
· Self-propelled machines MJ/kg 
Small tractors 14.6 
Large tractors 14.6 
Other vehicles 12.9 
Tillage equipment 8.6 
Other equipment 7.4 
Adapted/ram Audsley et al. (1997). 
Table 5. Equipment repair energy values. 
Repair Energy (Mughal, 1984; cited in 






















Fertilizer. Increased intensification of agriculture has resulted in increased synthetic 
fertilizer use. In 1997, 9 .6 billion dollars of chemical fertilizer were applied to 233 million 
acres of United States cropland (USDA-NASS, 1999). In 1989/1990, world fertilizer use 
totaled 143.6 million nutrient tons, with an expected increase to 208 million nutrient tons by 
2020 (Bumb and Baanante, 1996). Several publications have expressly focused on the energy 
intensity of chemical fertilizers (Leach, 1976; Lockeretz, 1980; Mudahar and Hignett, 1987; 
Stout, 1990). These studies focus primarily on the three most common mineral fertilizer 
nutrients: nitrogen, phosphorus, and potassium. The embodied energy of fertilizers includes 
mineral extraction, processing, packaging, and transport of raw materials and the finished 
product to the farm. Mudahar and Hignett (1987) provide the most current world average 
energy estimates for the production of nitrogen, phosphate, and potash fertilizers, which will 
be used in this study (see Table 7). To avoid double counting, it is necessary to subtract the 
application energy from the total if fertilizer application has been included in the fuel use of 
field operations. State level fertilizer use data is collected, on an annual basis for major field 
crops and biannually for selected fruit and vegetable crops, by USDA-NASS (2003). 
Table 7. Estimated world average embodied energy requirements for fertilizer production, 
packaging, transport, and application (MJ/kg) (Mudahar and Hignett, 1987). 
Nutrient Production Packaging Transport Application Total 
MJ/kg 
N 69.54 2.58 4.47 1.55 78.14 
P2Os 7.7 2.65 5.68 1.47 17.5 
K2O 6.38 1.75 4.6 .95 13.68 
Pesticides. Pesticides are widely used to control insect damage and loss of yield due 
to weed competition. In 1995, world pesticide use equaled 2.6 million tons of active 
ingredients with a market value of 38 billion dollars (World Resources Institute, 1999). 
Virtually all energetic studies of agricultural systems cite the work of Green (1978; 1987) for 
embodied energy of pesticides. Pesticide production values are listed in Table 8. Due to the 
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Table 8. Embodied energy of pesticide production. 
Pesticide MJ/kg Pesticide MJ/kg 
Herbicides Herbicides (cont.) 
MCPA 130 Bentazon 434 
2,4-D 85 EPTC 160 
2,4,5-T 135 Metolachlor 276 
Dicamba 295 Fungicides 
Chloramben 170 Ferbam 61 
Fluazifop-butyl 518 Maneb 99 
Propanil 220 Captan 115 
Alachlor 278 Benomyl 397 
Propachlor 290 Insecticides 
Chlorsulfuron 365 Methyl parathion 160 
Butylate 141 Phorate 209 
Diuron 270 Carbofuran 454 
Flumeturon 355 Carbary! 153 
Atrazine 190 Toxaphene 58 
Dinoseb 80 Cypermethrin 580 
Trifluralin 150 Chlordimeform 250 
Diquat 400 Lindane 58 
Paraquat 460 Malathion 229 
Glyphosate 454 Parathion 138 
Linuron 290 Methoxychlor 70 
Cyanazine 201 
growth and development of the pesticide industry, several commonly used pesticides 
are not included in Green's analysis. This study will use the procedure developed by Audsley 
et al. (1997) to estimate the energy requirements of pesticides not listed by Green (1987). If 
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the pesticide is not listed, the chemical family of the pesticide is determined. If a pesticide in 
the same chemical family is listed by Green (1987), then its energy value is used. If none of 
the listed pesticides are in the same chemical family, the average of all listed pesticides is 
used (Audsley, et al., 1997). Green (1987) lists pesticide packaging energy as 2 MJ/kg and 
distribution as 1 MJ/kg, these values are not included in Table 8. Like fertilizer, pesticide 
application energy is covered in field operations. State level pesticide usage is contained in 
the same Agricultural Chemical Usage (USDA-NASS, 2003) database as the fertilizer data. 
Seed. Heichel (1980) provides an estimation of the energy cost of several seed 
types. These energy costs were based on the 1977 price of the seed and an assumption of the 
energy cost of producing one dollar of gross national product; the energy cost used is 63 .14 
MJ/dollar (Heichel, 1980). This data may not be appropriate for current studies due to the 
increase in seed prices since 1977, and possible increases in efficiency, which would reduce 
the energy intensity of one dollar of gross national product. These estimates also do not 
include the land area required for seed production. It may be more appropriate to estimate the 
land area required for seed production as a percentage of the appropriated area for row crop 
production, assuming similar inputs and yields of seed and crop production. This method is 
not appropriate for systems where the seed and the product of the system are different, such 
as forage production systems. Data produced by Heichel ( 1980) are presented in Table 9 as a 
reference for such systems. Land required for seed production is not included in the 
ecological footprint oflowa com and soybean production. 
Ecological Service Land 
Ecological service land is a land category being used in this study in order to begin to 
more fully account for the waste flows of agricultural systems and their effect on the 
environment and the agricultural system itself. For this study three areas of ecological 
service land will be considered. 
Bodies of water necessary to drain excess moisture from cropland. Excess 
soil moisture can cause crop damage and yield reduction by reducing the amount of oxygen 
present in the root zone (Sands, 2001) and creating an environment hospitable to some plant 
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Table 9. Estimated embodied energy of seed production (Heichel, 1980). 
Crop MJ/kg Crop MJ/kg 
Alfalfa (uncertified) 222.9 Sudan grass 50.3 
Alfalfa ( certified) 257.9 Potatoes 7.9 
Clover, red 157.4 Com, hybrid 103.8 
Clover, alsike 130.3 Wheat, spring 12.6 
Clover, sweet 56.2 Oats 17.2 
Clover, ladino 320.8 Barley 13.9 
Lespedeza,sericea 329.4 Flax 28.4 
Timothy 45.4 Peanuts 76.1 
Orchard grass 90.6 Soybean 31.7 
Ryegrass, annual 50.9 Cottonseed for planting 44.3 
Bluegrass, Kentucky 214.3 Grain sorghum, hybrid 59.5 
F escue, tall 69.4 Forage sorghum 40.3 
pathogens (USDA-ERS, 1987). Field operations may also be delayed due to slower soil 
warming rates (USDA-ERS, 1987) and the inability of machinery to enter the field without 
damaging soil structure through compaction (Sands, 2001). In areas of perennial excess soil 
moisture, a common remedy is the installation of artificial, subsurface drainage systems. A 
1985 survey by the USDA estimated that 110 million acres ( 45 million hectares) of land 
within farms in the United States were artificially drained (USDA-ERS, 1987). Surface 
bodies of water serve to move excess soil moisture away from cropland through both natural 
and artificial drainage systems and will be used in this study as an approximation of the land 
area appropriated for cropland drainage. Estimates of open water on a state level are 
available from the 1997 National Resources Inventory (USDA-NRCS, 2000). 
Land area that would be required to assimilate nitrogen runoff from cropland. 
Intensive agricultural practices, including an increase in the use of nitrogen fertilizers, have 
resulted in an increase in nitrogen concentration in ground and surface waters (World 
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Resources Institute, 1999). Nitrogen, in the form of nitrate (N03), is water-soluble and can 
be easily leached from the soil profile (Fraser and Fleming, 2001 ). Increased nitrogen levels 
in surface and groundwater can negatively impact both human and environmental health. 
Nitrate present in drinking water is converted to nitrite in the body and reduces the ability of 
blood to transport oxygen; this condition, called methaemoglobinaemia, can be fatal to 
infants (Baker, et al., 1998). Adults exposed to high levels of nitrate may have an increased 
risk of contracting some forms of cancer ( Conway and Pretty, 1991.) 
Environmentally, increased nitrogen levels contribute to eutrophication, or nutrient 
enrichment, of bodies of water (Conway and Pretty, 1991). In turn, eutrophication 
contributes to algal growth and the development of hypoxia in bodies of water (Goolsby et 
al., 1999). Hypoxia occurs when dissolved oxygen concentrations fall below 2 mg/liter 
(Goolsby and Battaglin, 2000), creating a fatal environment for many aquatic species. The 
annual average discharge of 1.57 million metric tons of nitrogen from the Mississippi river 
into the Gulf of Mexico has created a hypoxic zone several thousand square kilometers in 
size (Gooslby and Battaglin, 2000) that has both environmental and economic consequences. 
Agricultural operations contribute the majority of the nitrogen added to the Mississippi basin, 
51 percent from commercial fertilizer and 30 percent from livestock manure (Goolsby et al., 
1997). While several strategies to reduce the amount of nitrogen being released from 
agricultural land to bodies of water have been proposed (Dinnes et al., 2002), one of the most 
promising is the use of constructed wetlands (van der Valk and Jolly, 1992). Wetlands 
remove nitrate from water through denitrification (Isenhart, 1992). Research by Isenhart 
( 1992) and Crumpton et al. (1993b ), estimates that a 1 % wetland (1 hectare wetland for 100 
hectares of cropland) could denitrify up to 80% of the cropland nitrate runoff. While the 
denitrification rate is dependent on many variables such as wetland maturity, temperature, 
and water residence time (Crumpton et al., 1993a; Dinnes et al., 2002), the 1 % value will be 
used as an estimate for the amount of land necessary to assimilate nitrogen runoff in this 
study. 
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Land area required to compensate for productivity losses due to erosion. 
Wind or water movement can cause erosion, the removal of soil material. Although erosion 
is a natural process, human agricultural activities have accelerated erosion rates in many areas 
(Larson et al., 1983). Globally, 75 billion metric tons of soil are lost through erosion each 
year (Myers, 1993). The Second RCA Appraisal (USDA, 1982) estimated an annual loss of 
3 billion tons of soil from U.S. cropland, not including gully and ephemeral gully erosion. 
Erosion adversely affects crop productivity in several ways, including loss of soil water 
holding capacity, loss of nutrients, and loss of organic matter and soil microorganisms 
(Langdale and Shrader, 1982; Pimentel et al., 1987). Erosion also causes off-site damage in 
the form of increased sedimentation of waterways, contributing to drainage disruption, 
eutrophication, pesticide transport, and habitat destruction (Miller et al. , 1988; Pimentel et al, 
1995). Off-site damage is often more costly to repair and effects a larger population than on-
site erosion damage (USDA, 1982; Pimentel et al, 1995). Erosion rates and impact on 
productivity vary widely depending on climate, soil texture and structure, slope, and farming 
practices (Batie, 1983; Larson et al., 1983; Pimentel et al. , 1995). The interaction of these 
factors makes it difficult to make generalized statements about the effects of erosion on crop 
productivity. The Second RCA Appraisal (USDA, 1989) uses the EPIC ( erosion/productivity 
impact calculator) and EPIS ( erosion/productivity index simulation) models to estimate the 
amount of "equivalent acres" on a state level that would be required to compensate for the 
productivity lost through 100 years of erosion at 1982 erosion rates. This data is modified to 
obtain yearly productivity loss estimates for this study, assuming a linear relationship 
between soil loss and productivity loss. The equivalent acres for an individual state are 
divided by 100 to get an annual equivalent acres needed to replace the productivity lost. This 
annual productivity loss is then divided by the 1982 state-level erosion rate (ton/acre/year) 
given in the 1997 National Resources Inventory (NRI) (USDA-NRCS, 2000). The resulting 
value is equivalent acres per ton of soil lost, which can be applied to changes in erosion rates 
given in the 1997 NRI (USDA-NRCS, 2000). This process could be used on a farm level, 
either using average state erosion estimates, or estimating erosion for the fields in question 
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with the Revised Universal Soil Loss Equation (RUSLE) (Renard et al., 1991; Renard et al., 
1994). 
Ecological Footprint for Iowa row crop production 
The Iowa landscape is dominated by row crop production. In 1997, 89% oflowa's 
approximately 13 million hectares (31 million acres) were occupied by cropland (USDA-
NASS, 1999). Com production occupied 45% of total cropland while soybean production 
occupied an additional 39% (USDA-NASS, 1999). This Ecological Footprint will analyze 
com and soybean production in the state oflowa for the years 1987, 1992, and 1997. These 
years were selected to coincide with the data-gathering cycle of the Census of Agriculture. 
Arable land 
Table 10. Iowa cropland in com and soybean production by year (USDA-NASS, 2001). 
Com 
Year 
1987 4,200,000 (10,400,000) 
1992 5,300,000 (13,200,000) 






















Field Operations. Field operations can be highly variable depending on the 
management decisions, available equipment, tillage program, and weather conditions of the 
individual farm. Using tillage categories presented in the National Crop Residue 
Management Survey (Conservation Technology Information Center, 2002), and field 
operations information in Mullen (2003) standard sets of field operations were created (Table 
12). The total fuel use per hectare for each tillage system and the percent of cropland each 
category occupied (Conservation Technology Information Center, 2002) (Table 13) were 
Table 12. Diesel fuel usage for the field operations of different tillage systems 
utilized in Iowa row crop production. 
Corn Fuel Usage Sorbeans Fuel Usage 
1/hal 1/hal 
No-Till No-Till 
Spreading dry fertilizer 1.40 Spreading dry fertilizer 1.40 
Knifing anhydrous ammonia 5.14 No-till planting 4.21 
No-till planting 4.21 Spraying herbicide(2) 1.87 
Spraying herbicide(2) 1.87 Combining 9.35 
Combining 13 .56 Total 16.83 
Total 52.36 
Ridge-till Ridge-till 
Spreading dry fertilizer 1.40 Spreading dry fertilizer 1.40 
Knifing anhydrous ammonia 5.14 Till-planting 5.14 
Till-planting 5.14 Spraying herbicide 0.93 
Spraying herbicide 0.93 Row-crop cultivation 3.74 
Row-crop cultivation 3.74 Combining 9.35 
Combining 13.56 Total 20.57 
Total 29.92 
Hanna, 2001 . 
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Table 12. (continued) 
Corn Fuel usage So~beans Fuel usage 
1/hal l/ha1 
Mulch-till Mulch-till 
Spreading dry fertilizer 1.40 Spreading dry fertilizer 1.40 
Knifing anhydrous ammonia 5.14 Chisel plowing 10.28 
Chisel plowing 10.28 Discing (2) 12.15 
Discing (2) 12.15 Field cultivation 6.54 
Field cultivation 6.54 Planting 3.74 
Planting 3.74 Spraying herbicide 0.93 
Spraying herbicide 0.93 Row-crop cultivation 3.74 
Row-crop cultivation 3.74 Combining 9.35 
Combining 13.56 Total 48.15 
Total 57.50 
Conventional till Conventional till 
Spreading dry fertilizer 1.40 Spreading dry fertilizer 1.40 
Knifing anhydrous ammonia 5.14 Chisel plowing 10.28 
Chisel plowing 10.28 Discing (2) 12.15 
Discing (2) 12.15 Field cultivation 6.54 
Field cultivation 6.54 Planting 3.74 
Planting 3.74 Spraying herbicide 0.93 
Spraying herbicide 0.93 Row-crop cultivation 3.74 
Row-crop cultivation 3.74 Combining 9.35 




Table 13. Tillage systems utilization as a eercentage of total croe hectares for Iowa 1• 
No-till Ridge-till Mulch-till Conventional-till 
Year Percent 
1987 (1989 data) 
Com 3 1 19 
Soybeans 2 2 32 
1992 
Com 12 1 21 
Soybeans 14 2 41 
1997 
Com 17 1 28 
Soybeans 27 1 44 
1cnc, 2002. 





























used to create a weighted average of fuel use for each year on a state level (Table 14). Since 
the National Crop Residue Management Survey was first conducted in 1989, this data is used 
as an estimation of tillage practices used in 1987. Total energy used for field operations on 
an annual basis is listed in Table 15. Fuel estimates do not include fuel used to travel to and 
from different fields. It is not uncommon for Iowa farmers to travel several miles between 
fields, using a significant amount of fuel. 
Machinery. Tractors over 40-horsepower (hp), combines, and grain trucks are used 
as an estimate of Iowa on-farm machinery. Since over 80% of cropland is in com or 
soybeans, it is assumed that all tractors and combines listed in the Census of Agriculture are 
used for com and soybeans. Using only these three types of farm machinery certainly 
underestimates the embodied energy of machinery used in Iowa row crop production. A wide 
range of other field equipment, such as tillage, cultivation, and spraying equipment is used 
for com and soybean production. The variability of equipment used on a state level and the 
unavailability of data quantifying the numbers of such equipment restricts estimates of 
embodied machinery estimates to tractors, combines, and grain trucks . The number of grain 
trucks was obtained from the Vehicle Inventory and Use Survey (titled Truck Inventory and 
Use Survey before 1997) published by the U.S. Census Bureau (USDC-USCB, 2003) and 
collected in the same years as the Census of Agriculture. Using the number of grain trucks 
instead of the number of on-farm pickups from the Census of Agriculture eliminates that 
possibility of counting pickup trucks that may not contribute to row crop production. Table 
16 provides a summary of the energy calculations for machinery. Tractor weight was 
estimated using 53.977 kg (119 lb) per hp (M. Hanna, personal communication, 2001), all 
tractors were assumed to be 135 hp for a total weight of7287 kg (16065 lb). Truck weight 
was estimated at 9072 kg (20,000 lb), the average weight of a 20-foot grain truck (B. Cress, 
personal communication, 2001 ). Combine weight was estimated at 9542 kg (21036 lb) 
(Olson, 1998). Due to the wide variability of possible transport distances for machinery, 
transportation energy is not included in embodied energy estimates. Total annual machinery 
energy is given in Table 17. 
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Table 16. Embodied energy of farm machinery used in Iowa row croe eroduction. 
Number of Annual Energy 
vehicles Total weight Energy' Total en erg}'. (total/ I 0) 
kg (in millions) MJ/kg MJ (in millions) MJ/yr (in millions) 
Grain Trucks 1 
1997 19500 177 104.39 18,500 1,850 
1992 22400 200 104.39 21,200 2,120 
1987 16100 146 104.39 15,200 1,520 
Tractors2 
1997 195166 1,420 112.64 160,000 16,000 
1992 216750 1,580 112.64 178,000 17,800 
1987 223330 1,630 112.64 183,000 18,300 
Combines2 
1997 46717 446 104.39 46,500 4,650 
1992 54917 524 104.39 54,700 5,470 
1987 60004 573 104.39 59,800 5,980 
USDC-USCB, 2003 . 
2 USDA-NASS, 1999. 
3 Audsley et al. , 1997. 









Fertilizer. The USDA Agricultural Chemical Usage database (USDA-NASS, 2003) was 
initiated in 1991 ; therefore, fertilizer data for 1987 was obtained from the Fertilizer Use and 
Price Statistics (USDA-ERS, 1994). This data set contains state level nitrogen, phosphate, 
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and potash data for the 1960 to 1993 for com, cotton, soybeans, and wheat. Fertilizer data for 
1992 and 1997 was obtained from the USDA Agricultural Chemical Usage database (USDA-
NASS, 2003). As with machinery estimates, transport energy is not included in energy 
estimates; application energy is included in field operations. Tables 18 and 19 provide an 
annual summary of fertilizer use and embodied energy. 
Table 18. Total annual fertilizer use for Iowa row crop production 
198i 19922 199i 
kg 
Nitrogen 615,000,000 688,000,000 678,000,000 
Phosphate 254,000,000 289,000,000 
Potash 316,000,000 343,000,000 
USDA-ERS, 1994. 
2 USDA-NASS, 2003. 
320,000,000 
315,000,000 
Table 19. Embodied ener~y of annual fertilizer use in Iowa row crop production 
1987 1992 1997 
MJ/year 
Nitrogen 44,300,000,000 49,600,000,000 48,900,000,000 
Phosphate 2,630,000,000 2,990,000,000 3,310,000,000 
Potash 2,570,000,000 2,790,000,000 2,560,000,000 
Total 49,500,000,000 55,400,000,000 54,800,000,000 
Pesticides. As stated in the fertilizer section, the USDA Agricultural Chemical 
Usage database (USDA-NASS, 2003) was initiated in 1991; pesticide use rates for 1987 are 
based on 1985 data (Hartzler et al., 1997) collected for the state oflowa. Pesticide use rates 
for 1992 and 1997 obtained from the USDA Agricultural Chemical Usage database (USDA-
NASS, 2003). Transport energy is not included in estimates, application energy included in 
field operations. Table 20 provides a summary of annual herbicide use by weight of active 
ingredient; Table 21 provides total annual pesticide energy. 
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Table 20. Annual eesticide use by wei~ht for Iowa row croe eroduction. 
198i 19922 19972 
kg active ingredient 
2,4-D 357,437 267,170 25,0382 
2,4-DB 1,814 
Acetochlor 29,28,377 
Acifluorfen 5,897 25,402 50,802 
Alachlor 5,451,818 4,183,553 1,117,646 
Atrazine 4,407,178 3,701,376 3,907,224 
Bentazon 373,313 423,662 481,713 
Bromoxynil 113,400 285,314 147,870 
Butylate 1,795,349 
Chloramben 628,690 
Chlorimuron-ethyl 4,990 1,814 
Clomazone 121,565 177,807 
Clopyralid 11,340 
Cyanazine 4,702,018 3,149,345 2,095,586 
Dicamba 351,086 511,207 783,350 
Dimethenamid 487,609 
EPTC 221,810 1,842,070 
Ethalfluralin 234,511 92,534 
Fenoxaprop 68,039 
Fluazifop-P-butyl 5,443 12,247 22,226 
Flumetsulam 9979 
Flumiclorac Pentyl 3,629 
Fomesfen 13,608 
Glyphosate 96,617 127,915 423,653 
Imazaquin 12,247 
Imazethapyr 103,421 127,005 
Lactofen 48,988 
Linuron 69,401 
Metolachlor 5,359,284 5,535,734 5,524,726 
Metribuzin 799,697 108,864 16,329 
Nicosulfuran 11,340 9,525 
Hartzler et al., 1997. 
2USDA-NASS, 2003. 








































Converting energy to land area. This study will use the biologically based liquid 
fuel method, with switchgrass (Panicum virgatum L.) as the fuel stock, for converting energy 
values to appropriated land area. Switchgrass is chosen over the more traditional fuel stock, 
com, for several reasons. As a native perennial grass, switchgrass is adaptable to a wide 
variety of growing conditions and requires less fertilizer inputs than com (Downing et al., 
1995; Bioenergy Feedstock Development Program, 1998); allowing the production of 
switchgrass on land which may be less suitable for com production. Switchgrass offers 
environmental protection not found in com as it reduces erosion, filters runoff, and adds 
organic matter to the soil while providing energy stock (Downing et al., 1995; Bioenergy 
Feedstock Development Program, 1998). For these reasons, the United States Department of 
Energy has selected switchgrass a their model herbaceous crop (Downing et al., 1995). 
Switchgrass has an energy content of 18.3 gigajoules/ton (Scurlock, 2002). The switchgrass 
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yield used in this study, 2.9 metric ton/ha (2588 lb/a), is the mean yield of experimental plots 
in Southern Iowa receiving zero nitrogen fertilizer (Barrios, 2000). The energy content of 2.9 
t/ha (2588 lb/a) is 53070 MJ/ha (21486 MJ/a). This yield is significantly less than 
experimental plots receiving 224 kg N/ha, which had a mean yield of 3.9 metric ton/ha (3481 
lb/a), both of these yields are considerably less than the average yield of 11 metric ton/ha 
harvested from Department of Energy experimental plots in the South and Midwest 
(Downing et al., 1995). The low harvest of 2.9 metric ton/ha has been selected because 96% 
of the energy gain in the fertilized plots, 18300 MJ/ha, is canceled out by the energy needed 
to manufacture, deliver, and apply the nitrogen fertilizer, 17562 MJ/ha. No information on 
the location or inputs to the experimental plots was given for the Department of Energy 
yields. The yield of unfertilized switchgrass will increase as researchers work to develop 
low-input, high-yield varieties (Bioenergy Feedstock Development Program, 1998). Total 
annual embodied energy of inputs and land area appropriated by the embodied energy are 
given in Table 22. Figure 1 shows each energy land subcategory, fuel use, machinery, 
fertilizer, pesticides, as a percentage of the total energy land for each year of the study. 
Table 22. Total annual embodied energy (from field operations, machinery, 
fertilizer, and pesticides) and appropriated energy land. 
Total embodied energy Total energy land 
MJ hectares (acres) 
1987 96,800,000,000 1,820,000 (4,510,000) 
1992 103,000,000,000 1,930,000 (4,780,000) 










































































































































Ecological service land 
Bodies of water necessary to drain excess moisture from cropland. Estimates 
of surface water area for Iowa, provided by the 1997 National Resources Inventory (USDA-
NRCS, 2000), are summarized in Table 23. This is an underestimate ofland appropriated for 
excess water drainage as it does not include intermittent water areas such as drainage ditches, 
nor the energy required to manufacture and install the estimated 8,000,000 miles (Iowa 
DNR, 2000) of subsurface tile drainage. 








Land area that would be required to assimilate nitrogen runoff from cropland. 
Table 24 provides a summary of the necessary area that would be required to assimilate 
nitrogen runoff from total corn and soybean cropland. Research by Goolsby et al. (1999) 
indicates that Iowa is responsible for 16 percent of the total nitrogen flux to the Gulf of 
Mexico. Using area estimates of the Gulf of Mexico hypoxic zone (Goolsby and Battaglin, 
2000), the area of the hypoxic zone attributed to Iowa is between 1.3 and 3 percent oflowa 
cropland. Using the 1 percent wetland figure from Isenhart (1992) and Crumpton et al. 
(1993b) is an appropriate value considering Iowa's contribution to the Gulf of Mexico 
hypoxic zone. 
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Land area required to compensate for productivity losses due to erosion. The 
"equivalent acres" estimated by the USDA (1989) needed to replace 100 years of erosion at 
an erosion rate of 7.7 ton/acre/year (USDA-NRCS, 2000) is 617,000 acres. Annual 
equivalent acres are adjusted by multiplying updated erosion estimates (USDA-NRCS, 2000) 
by 801.3 acres/ton of soil lost. Annual erosion estimates and adjusted equivalent acres are 
presented in table 25, with annual erosion rates given as metric ton/hectare and English 
ton/acre. 
Table 25. Annual erosion rates (USDA-NRCS, 2000) and adjusted equivalent acres. 
Annual erosion rates Annual equivalent acres 
Metric ton/hectare 
(English ton/acre) Hectares (acres) 
1987 16(6.5) 2100 (5200) 
1992 14(5.6) 1800 (4500) 
1997 12(4.9) 1600 (3900) 
Ecological footprint summaries. Tables 26-28 give annual summaries of the 
ecological footprint for Iowa com and soybean production for 1987, 1992, and 1997. Figure 
2 shows the four land categories as a percentage of the total ecological footprint for each year 
of the study. Figure 3 provides a graphical representation of the additional land needed to 
support the production of one acre of com at state average yield. The solid area in figure 3 
represents an acre of cropland. The striped area on the right represents the additional 
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footprint land, including built, energy, and ecological service land, that is required to produce 
the state average com yield shown for each year of the study. Microsoft excel spreadsheets 
were used to create these ecological footprints for Iowa row crop production. These 
spreadsheets are included in APPENDIX A: ACCOMPANYING CD-R for reference, and 
can be adapted for future agricultural ecological footprint studies. 
Table 26. 1987 Ecological footerint summary 
Category Subcategory Hectares Acres 
Crop land 
Com 4,200,000 10,400,000 
Soybean 3,200,000 7,950,000 
Subtotal 7,400,000 18,350,000 
Built land 
Non-tillable acres 640,000 1,580,000 
Energy land 
Fuel Consumption 285,000 704,000 
Machinery 486,000 1,200,000 
Fertilizers 933,000 2,300,000 
Pesticides 119,000 294,000 
Subtotal 1,823,000 4,500,000 
Ecological service land 
Open water 182,300 450,200 
Wetlands 74,000 184,000 
Erosion 2100 5200 
Subtotal 258,400 639,400 
Foot~rint total 10,120,000 25,060,000 
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Table 27. 1992 ecolo~ical fooq~rint summary 
Category Subcategory Hectares Acres 
Crop land 
Com 5,300,000 13,200,000 
Soybean 3,300,000 8,200,000 
subtotal 8,600,000 21,400,000 
Built land 
Non-tillable acres 579,000 1,430,000 
Energy land 
Fuel Consumption 313,000 773,000 
Machinery 478,000 1,180,000 
Fertilizers 1,040,000 2,580,000 
Pesticides 99,900 247,000 
subtotal 1,930,000 4,780,000 
Ecological service land 
Open water 187,200 462,200 
Wetlands 86,000 214,000 
Erosion 1800 4500 
Subtotal 275,000 681,000 
Footerint total 11,390,000 28,290,000 
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Table 28. 1997 Ecolo~ical fooq~rint summary. 
Category Subcategory Hectares Acres 
Crop land 
Com 4,900,000 12,200,000 
Soybean 4,300,000 10,500,000 
Subtotal 9,200,000 22,700,000 
Built land 
Non-tillable acres 644,000 1,590,000 
Energy land 
Fuel Consumption 312,000 769,000 
Machinery 424,000 1,050,000 
Fertilizers 1,030,000 2,550,000 
Pesticides 101,000 250,000 
Subtotal 1,870,000 4,620,000 
Ecological service land 
Open water 189,900 469,000 
Wetlands 92,000 227,000 
Erosion 1600 3900 
Subtotal 283,500 699,900 


















































































































































































































































~-~I One Acre of Cropland 
~ Additional footprint land 
Figure 3. Additional footprint land required to produce state average com yields by year. 
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Discussion 
Analysis oflowa com and soybean production for the years 1987, 1992, and 1997 
indicates a slight reduction in the amount of land needed to support these crops on a per 
hectare basis. In 1987, the ecological footprint was 13 7% of actual cropland, in 1992, the 
footprint was reduced to 132% of actual cropland, with the 1997 footprint requiring 130% of 
cropland; figure 3 provides a visual image of the additional footprint land that is required for 
each acre of cropland. An increase in actual cropland from 7.4 million hectares (18.3 million 
acres) in 1987 to 9.2 million hectares (22.7 million acres) in 1997 increased the state-level 
footprint. 
Contributing to lower per hectare footprints are reductions in machinery, fuel , and 
fertilizer consumption. The number of "equivalent acres" needed to replace productivity lost 
through erosion also decreased during the 1987-1997 time period. Fuel use on a per hectare 
basis decreased due to an increase of no-till and mulch-till systems; although total fuel use 
did increase with the increase in cropland. Total machinery numbers were reduced, with 
lower numbers of tractors and combines being used on more land. Total fertilizer use 
increased slightly, although per hectare rates of nitrogen for com were reduced from 146 
kg/ha (1301b/a) in 1987 to 138 kg/ha (123 lb/a) in 1997, an increase from the 1992 rate of 
130kg/ha (l 15lb/a). Phosphate applications on com decreased from 55 kg/ha ( 49 lb/a) in 
1987 to 53 kg/ha ( 4 7 lb/a) in 1997. Phosphate applications on soybeans nearly doubled 
during the same time, from 7.6 kg/ha (6.8 lb/a) to 14 kg/ha (12 lb/a). Potash use decreased 
for both com and soybeans, from 67 kg/ha (60 lb/a) in 1987 to 62 kg/ha (55 lb/a) in 1997 for 
com and from 11 kg/ha (lOlb/a) to 2.7kg/ha (2.4 lb/a) for soybeans. Pesticide use decreased 
on a per hectare and state total basis. Pesticide applications averaged 5.2 kg/ha (4.6 lb/a) on 
com and 2 kg/ha (1.8 lb/a) on soybeans. In 1997, application rates were 3.3kg/ha (2.9 lb/a) 
for com and 1.4 kg/ha (1.2 lb/a) for soybeans. 
Although the use of the biologically based liquid fuel method is not the most 
conservative conversion method, it is a justified choice in the case oflowa row crop 
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production. It is however, recognized that the energy component of the ecological footprint is 
a contentious issue (van den Bergh and Verbruggen, 1999; Ayers, 2000; Herendeen, 2000; 
Femg, 2002; Ferguson, 2002). This study does not imply that one method of accounting for 
energy land is superior to another despite the use of the biologically based liquid fuel method 
for the Iowa row crop footprint. Table 30 provides a comparison of the amount of energy 
land needed for Iowa row crop production using three methods of energy land conversion. 
Table 30 shows that using the forest land CO2 sequestration method would reduce the row 
crop energy land by roughly 50%. This in tum, would reduce the total ecological footprint by 
8% for 1987 and 1992, and 7% for 1997. 
a e T bl 30 C ompanson o energy to an f 1 d h d convers10n met o s. 
Conversion Energy to land Total Annual energy land required for 
Method conversion Iowa row crop production 
1987 1992 1997 
GI/hectare Hectares 
Biologically 
53 1,820,000 1,930,000 1,870,00 based fuel 
( swi tchgrass) 
Biologically 
80 1,210,000 1,290,000 1,240,000 based fuel ( com) 
Forest land CO2 
100 968,000 1,030,000 992,000 assimilation 
Com and soybean productivity were adjusted to incorporate the additional footprint 
land required to support crop production and more accurately reflect their ecological 
intensity. State average yields were divided 137% for 1989, 132% for 1992, and 130% for 
1997. Yields were reduced between 24 to 28% for the period included in this study. Table 
29 provides a summary of the adjusted yields for com and soybean production in Iowa. 
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Table 29. State average com and soybean yield adjusted to include 
additional ecological footprint land by year. 
Corn 
Average state yield 
Adjusted yield 
Soybeans 
Average state yield 
Adjusted yield 














While the data used in this study spans a decade, the above conclusions, especially 
those dealing with agricultural inputs, should not be taken as long-term trends in Iowa row 
crop production. Input intensity is dependent on annual weather conditions, product and 
application technology as well as input price, and is therefore highly variable. Both fertilizer 
and pesticide use were lower in 1992 than in either 1987 or 1997. Annual nitrogen use data 
(A. Blackmer, unpublished data, 2002) agrees with the general trend shown in this ecological 
footprint, but nitrogen use for 1999 and 2000 rose above both 1987 and 1997 rates. This 
study could serve as the starting point for an ongoing temporal ecological footprint that 
would more accurately indicate long-term trends. 
Despite the use of the ecological footprint to examine the sustainability of human 
populations, this study makes no judgment on the sustainability of com and soybean 
production in Iowa. This production footprint lacks a clear sustainability benchmark, such as 
total global land area, that is present in national ecological footprint analysis. Agricultural 
footprints may be more useful when comparing two or more agricultural systems, or to 
compare alternative field operations on an individual farm scale. 
Future research opportunities. Since its inception, the ecological footprint has 
been continually refined in order to increase the accuracy and validity of the model. Updating 
the energy data developed in the late 1970s and early 1980s would incorporate energy 
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efficiency gains developed in the past twenty years. While excess water, nitrogen waste and 
the effects of erosion are considered in this study, this is by no means a comprehensive 
accounting of the outputs and waste products of intensive agricultural systems. Phosphorus 
and pesticide runoff and their effects on ecosystem and human health are key issues that are 
currently being researched. The advent of large animal confinement facilities has brought 
manure management issues, both environmental and social, into focus. Research to 
incorporate these issues will enhance the robustness of agricultural footprints. This study 
concentrated on agricultural production from planting to harvest. As discussed earlier, much 
of the energy used in the food system occurs after the commodity leaves the farm gate. 
Ecological footprints concerned with the transport, processing, packaging, and marketing of 
food items would give a more complete picture of the sustainability of our current food 
system. Food system footprints would also allow comparisons between locally produced 
food systems, and our current food system that relies on global and national transport of food 
items. Coupling the ecological footprint with other models that measure social and economic 
issues will provide a holistic measure of progress towards sustainability. 
Conclusion 
Since the late 1980s the interest in the concept of sustainability has increased. 
Despite much debate and discussion, little progress towards sustainability has been made. 
While the inability to develop a comprehensive definition of sustainability has slowed 
progress, a more important obstacle is the growing disconnection between humans and the 
ecosphere upon which they depend. Increased urbanization, and the structure of modern 
society increase the distance between humans and the environment. Significant progress 
towards sustainability will only be realized when a majority of the population is consciously 
aware of our dependence on ecosystem services to support the human economy. 
The ecological footprint, because of its intuitive and visual nature, is an excellent tool to 
increase awareness of ecological dependence. Traditionally used to analyze the ecosystem 
appropriation of human populations on a national scale, progress in the calculation methods 
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of the ecological footprint has led to an increase ofregional and production footprints. In 
addition to increasing public awareness of the resource use of agricultural systems, the 
ecological footprint of agricultural systems allows for more accurate productivity 
measurements than conventional measures, which focus on biomass yield or economic profit. 
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Appendix A: ACCOMPANYING CD-R 
System requirements for computer CD-R: IBM PC or compatibles; Windows 95 or higher; 
Microsoft Excel 2000 or later. 
CD-R contains Excel spreadsheets used to calculate the ecological footprint of Iowa row crop 
production for the years 1987, 1992, and 1997. 
